Improving the power conversion efficiency of photovoltaic (PV) devices is challenging because the generation, separation and collection of electron-hole pairs are strongly dependent on details of the nanoscale chemical composition and defects which are often poorly known. In this work, two novel scanning probe nano-spectroscopy techniques, direct-transmission near-field scanning optical microscopy (dt-NSOM) and photothermal induced resonance (PTIR), are implemented to probe the distribution of defects and the bandgap variation in thin lamellae extracted from polycrystalline CdTe PV devices. dt-NSOM provides high-contrast spatially-resolved maps of light transmitted through the sample at selected wavelengths. PTIR provides absorption maps and spectra over a broad spectral range, from visible to mid-infrared. Results show variation of the bandgap through the CdTe thickness and from grain to grain that is spatially uncorrelated with the distributions of shallow and deep defects. Solar cells can provide an important contribution in transitioning to a low carbon economy. 1 In particular, polycrystalline thin film photovoltaic (PV) materials such as cadmium telluride (CdTe), 2, 3 copper indium gallium selenide 4 , and organometal-trihalide perovskites, 5 have shown great promise for solar energy harvesting due to their lower fabrication costs and power conversion efficiencies, in excess of 20 %. 6 Because efficiency is a strong driver for reducing PV production and deployment costs, considerable efforts have been devoted 7 to understand the physical mechanisms limiting cell performance, as a pathway to approach the maximum theoretical efficiency for a single junction cell given by the Shockley-Queisser limit. PV devices typically consist of a light absorbing layer, p-n junction and contacts that control the generation, separation and extraction of charge carriers, respectively. Although such architecture is conceptually simple, improving the PV efficiency is an engineering challenge, which requires understanding and controlling the chemical composition and defects ranging from point defects that are intrinsic to the constituent materials or derived from inter-layer diffusion, to extended defects such as dislocations and grain boundaries. 8, 9 Knowledge of the nanometer-scale details of electrical and optical properties correlated with the compositional, structural and defect mapping is required to fully unleash the potential of these technologies.
mechanism in polycrystalline PV devices. 17 Other techniques that in principle could probe deep energy traps directly, such infrared spectromicroscopy 18 and deep level transient spectroscopy, 19 are not suitable for nanoscale mapping because of insufficient spatial resolution and limited charge sensitivity, respectively. Therefore, new nanoscale characterization techniques are desirable to unveil the nature of heterogeneities and defects limiting the efficiency of polycrystalline PV devices.
In this work, two complementary atomic force microscopy (AFM)-based optical techniques, the photothermal induced resonance (PTIR) 20, 21, 22 and a novel implementation of nearfield scanning optical microscopy (NSOM), 23, 24, 25 are leveraged to characterize CdTe polycrystalline solar cells with nanoscale resolution. In PTIR, a sample placed on an optically transparent prism, is illuminated in total internal reflection geometry over a relatively large area, while an AFM tip acts as a local detector for measuring absorption spectra and maps. In directtransmission NSOM (hereafter dt-NSOM), an AFM probe, consisting of a tapered fiber with a small aperture at the tip, functions as a local light source, and a photodetector in direct contact with the sample measures the light transmitted through the sample. For these measurements, lamellae were extracted from a CdTe photovoltaic device and from a reference CdTe single crystal using focused ion beam milling. PTIR and dt-NSOM maps across CdTe grains and across the p-n junction display spatial variations of the band gap and of the distribution of both shallow and deep defects with a resolution comparable to the lamella thickness (≈ 300 nm), 4-times smaller than the average CdTe grain size (≈ 1200 nm).
Commercially available p-CdTe/n-CdS solar cells (3500 nm and 50 nm thickness, for the CdTe and CdS layers, respectively) were used in this study. The cell back contact (CdTe side) consisting of aluminum and Cr/Mo layer was removed together with the sealing glass. The characteristic optical lengths of dt-NSOM and PTIR do not match the CdTe absorber thickness and are wavelength-dependent. For example, for bulk CdTe, the light penetration depth in transmission ranges from sub-micron (just above band gap) to many microns (below the bandgap). 26 In contrast, for the PTIR illumination geometry, the penetration depth is smaller than the absorber thickness in a working solar cell. Therefore, thin lamellae were extracted using focused ion beam (FIB) milling to achieve a spatial resolution adequate to map both bandgap and defects with the two AFM techniques. Two types of lamellae were used: a cross sectional solar cell lamella (average thickness: 335 nm ± 10 nm) as determined by AFM, containing the CdTe/CdS/ITO/glass layers (hereafter cross-sectional lamella) and a lamella containing only the CdTe layer cut-out 0.5 µm above p-n junction with a thickness of 350 nm ± 10 nm (hereafter inplane lamella). Uncertainties in this paper represent a single standard deviation. As reference, a lamella with thickness 340 nm ± 10 nm was extracted from a CdTe single crystal (hereafter singlecrystal lamella).
PTIR is a composition sensitive scanning probe technique that combines the lateral resolution of AFM with the chemical specificity of absorption spectroscopy. 20, 21, 27 In PTIR, a pulsed wavelength-tunable laser illuminates the sample and a contact AFM tip locally transduces the sample thermal expansion induced by light absorption into mechanical cantilever motion. The cantilever oscillation is detected by reflecting a diode laser off the cantilever into the AFM fourquadrant detector (figure 1a). PTIR absorption spectra and maps are obtained by plotting the amplitude of the cantilever deflection as a function of wavelength and location, respectively.
Because the cantilever contact resonance oscillation amplitude is proportional to the absorbed energy in the sample, 28 the PTIR spectra can be directly compared with IR spectral databases enabling material identification. 29 The ability for quantifying the chemical composition 28, 30 with a spatial resolution down to 20 nm 27 has earned this technique considerable popularity for analyzing thin organic 31, 32, 33 or metal-organic materials. 30, 34, 35 However, because the PTIR signal is also proportional to the sample linear expansion coefficient, inorganic samples are typically challenging to measure. Here we show that CdTe, an inorganic (and mechanically rigid) material is also amenable to PTIR characterization. Recently, the PTIR spectral range was extended to the visible and near-IR 27 enabling the determination of the local optical band gap in organo-metal trihalide perovskites. 30 Further details of our PTIR setup are available elsewhere. 27, 36 The PTIR absorption spectrum of the reference CdTe single-crystal lamella is shown in figure   2a . In this work, the bandgap values were estimated as the onset of the linearly extrapolated PTIR absorption. The bandgap obtained from the CdTe single crystal lamella was 1.521 eV ± 0.007 eV.
This value is in agreement with previous reports (1.50 eV ± 0.05 eV; ≈ 827 nm). 37, 38 The uncertainty of the bandgap throughout the paper was determined by the fitting procedure and should not be interpreted as an absolute uncertainty of the bandgap.
The PTIR spectra ( Fig. 2a ) measured at four marked locations (1-4 in Fig. 2c ) on the crosssectional lamella show that the CdTe optical band gap (Eg) monotonically increases from the CdTe device top surface (location 1, Eg of 1.424 eV ± 0.004 eV) toward the p-n junction and CdS layer (Eg = 1.457 eV ± 0.005 eV at location 4). The overall variation (≈ 33 meV) for the sample analyzed here (absorber thickness: 3.5 µm) is quite small and should have a minimal impact on the cell efficiency. In fact, to significantly impact the transport of minority carriers, the magnitude of the drift field (bandgap gradient / absorber thickness, 9.43 meV·µm -1 ) must be larger than the characteristic field associated with diffusion, carrier thermal energy (kT = 25.7 meV) over the minority carrier diffusion length (1 µm) 11 , (≈ 25.7 meV·µm -1 for our samples), which is not the case here.
The PTIR image at 1.45 eV (855 nm, Fig 2c) corresponding to the band transition onset, clearly shows that the absorption occurs predominantly close to the CdTe solar cell top surface (i.e. back contact). Because the PTIR signal is proportional to the sample thickness 28 Fig. 2e ), the PTIR signal variation is below 5% throughout the map, indicating homogeneous absorption.
Next we analyze the in-plane CdTe lamella sample which was etched by Ar + milling after the PTIR measurments to aid the data interpretation. The etched surface reveals the underlying grain morphology (Fig 3a) due to the orientation-dependent etching rate. Figure S2 noticeably from grain to grain up to 19 meV ± 6 meV (from 1.443 eV ± 0.004 eV to 1.462 eV ± 0.005 eV). Second, the band transition is sharper (steeper slope) for the CdTe single crystal than that for the polycrystalline sample suggesting lower concentration of shallow impurity states in the CdTe single crystal. Third, the absorption intensity in the band tail differs significantly from grain to grain and it is significantly stronger with respect to the single crystal (see inset of Fig 3e) .
Interestingly, the tail absorption does not follow the exponential decay according to the Urbach rule 39, 40 which, in contrast, is commonly observed for large-area measurements.
It has been reported that the deep defect states located in the mid-gap are responsible for the SRH recombination 17 . Here we show that such deep level defects can be successfully probed by PTIR measurements. Because of the relatively low concentration of deep energy states and their correspondingly weak absorbance, the laser power was increased 50-fold to obtain a measurable PTIR signal in the 954 nm to 1653 nm spectral range. Although the single crystal sample does not provide a detectable PTIR signal in this region ( Fig. 3f ), the polycrystalline CdTe sample displays an absorption onset corresponding to a deep level defect state (0.44 eV ± 0.02 eV less than the conduction band minimum). This feature can be attributed to Cd vacancies (Vcd) 41 as suggested by other macro-and micro-scale studies based on photo-induced current transient spectroscopy 42 , CL 41 , and deep level transient spectroscopy 41 . The PTIR image at 1.25 eV (see Fig. S2d ) does not show strong intensity variation.
We note that the grain boundaries do not display any special contrast. It is commonly accepted that grain boundaries can be either sites of recombination 43 or carrier collection, 16, 44 or present distinct compositions. For example, the grain boundaries in CdTe can assist the diffusion of S 45 and other impurities; however, grain boundary passivation 45 can impede such effect and typically leads to highly efficient CdTe devices. 46 The PTIR resolution can be a complex function of the sample thermo-mechanical properties, 21, 47 thickness and material interphases. 48 Although for thin and mechanically soft samples the spatial resolution can be better than the sample thickness (down to 20 nm, limited by the tip size); 27 for the mechanically rigid samples studied here, the PTIR resolution may be limited by the sample thickness 47 and may not be sufficient to resolve the details at the grain boundaries.
PTIR can deliver valuable spectroscopic information, however, achieving a high signal to noise ratio in inorganic materials requires a relatively long imaging time. This also limits the ability to study the correlation between the microstructure or the device structure and the absorption in a statistically meaningful way. Therefore, to independently determine the spatial variation of absorption we have developed dt-NSOM ( Fig. 1b) , a complementary near-field technique that provides maps with a high signal to noise ratio and that is not affected by thermo-mechanical properties of the sample. In these measurements, the light passing through the aperture of the NSOM probe locally illuminates the sample, and a high efficiency Si photodetector, in direct contact with the sample, measures the light transmitted through the sample as a function of the tip location. The dt-NSOM method developed here does not conceptually differ from the illumination mode NSOM 49 but offers significant practical advantages. First, dt-NSOM can be directly implemented in a typical high-end AFM and does not require integrating the AFM with an inverted microscope (as for illumination mode NSOM). Second, the solid angle for light collection in dt-NSOM is significantly higher than what can be practically achieved with a typical inverted microscope. The same setup used in dt-SNOM could also be used for other related NSOM experiments such as scanning photocurrent microscopy. 25 However, illumination mode NSOM has other unique advantages; for example, it can provide broadband near-field PL spectra in each pixel. 24 The dt-NSOM transmitted signal (T) is normalized to the background light intensity (Ibkg) measured by positioning the NSOM tip in contact with the photodetector (see experimental for details):
where λ is the wavelength used in the measurement. This background normalization does not take into account possible differences in the tip-sample and tip-detector near-field interactions which preclude the use of dt-NSOM data for quantitative determination of material properties such as the absorption coefficient. figure S3 of the supporting information).
Many features in the dt-NSOM transmission maps show some degree of correlation with the grain structure. In a map at a particular wavelength, some grains are homogeneously (similar to the PTIR data in Fig. 3b ) or partially dark or bright with the contrast edges markedly correlating with the grain boundaries (see areas delimited by the blue circles in Fig. 4d-f ). Other common case is a bright or dark spot centered along a grain boundary and extending partially inside neighboring grain interior (examples encircled by red in Fig. 4d-f ). This could be explained by assuming that the spatial distribution of impurities determines the contrast of the dt-NSOM maps, and that the impurities diffuse preferentially along and from the grain boundaries. CdTe as the growth conditions for polycrystalline CdTe films are typically much farther apart from the thermodynamic equilibrium than that for bulk single crystal or for epitaxial growth.
Possible deviations from the Cd:Te stoichiometry are typically small, not exceeding a few tens of parts per million, 51 and it is unlikely that they could account for band gap changes at percentage level observed in this work. The stoichiometry and the band gap can be affected by ion interdiffusion and alloying. The best known example of the latter is given by S diffusion from the CdS layer that forms a CdTe1-xSx alloy. The CdTe1-xSx bandgap decreases as a function of the x for realistic x values (up to x ≈ 0.25, bandgap minimum)., 15, 38, 46 In a previous work on a CdTe/CdS cell with a thick CdS layer (200 nm), S diffusing from the p-n junction was detected over ≈ 1 µm away from the junction in concentrations ranging from ≈ 1 % to ≈ 7%. 52, 53 TEM-based EDX measurements ( Fig S5 in the supporting information) were performed to identify the presence and distribution of extrinsic elements in the CdTe layer. S was detected only in an area within ≈ 100 nm from the p-n junction, in agreement with other studies. 54 Charged impurities cause fluctuations of electrostatic potential. While the conduction and valence band follow the same potential, optical transitions at energies below the band gap become allowed once tunneling effects are taken into account. The concentration of charged impurities that is required to lower the apparent band gap by a few tens of millivolt, is quite high, i.e. in the range of 10 18 -10 19 cm -3 . 55 This level of doping is rather common for chlorine (Cl). 53 Cl was the only other extrinsic element, other than S, that was detected in the film by EDX measurements (Fig S5 in it passivates some defects, it aids the redistribution of other defects and impurities and it promotes the re-crystallization of CdTe grains. 46 Cl ions show an amphoteric behavior and can provide either n-doping (typically at lower concentrations) or p-doping (typically at higher concentration) by forming shallow defect complexes with native CdTe defects. 56 The uncorrelated light absorption patterns at the band edge and within the gap suggest that multiple extrinsic species could be involved. The concentrations of other impurities are usually lower, in 10 16 -10 17 cm -3 range 53, 57 , which is below the detection limit of EDX, and we are unable to reliably identify their nature.
However, because Cl facilitates the redistribution of neutral and charged defects and impurities and forms shallow defect complexes with native CdTe defects, it is likely that the observed absorption patterns are related to the distribution of Cl interacting with other extrinsic impurities.
In summary, two novel spectroscopic techniques were leveraged to analyze the optical properties of CdTe solar cells with high spatial resolution. PTIR and dt-NSOM have complementary strengths and capabilities that are particularly useful in combination to analyze inorganic thin film materials. PTIR can provide spectra over a broad spectral range from the visible to the mid-IR directly, while dt-NSOM can currently provide light transmission images at selected wavelengths with superior signal-to-noise ratio due to more efficient data acquisition and better laser stability. The results obtained with these two methods are in good qualitative agreement providing model free and novel information. First, the band gap values in polycrystalline CdTe are smaller than for CdTe single crystal and display both grain to grain heterogeneity and a monotonic variation through the absorber thickness, implying an incorporation of a substantial number of charged impurities in the CdTe layer. Second, the bandgap gradient through the CdTe film is slightly larger than the in plane grain-to-grain variation which is likely related to a systematic compositional change either due to diffusion of extrinsic impurities from the back contact or other dynamics of impurities, e.g. evaporation, during the film growth. Third, both the impurities affecting the bandgap values and the shallow impurities appear to be propagating along and from grain boundaries. As a result, each grain displays a specific spectrum and the absorption patterns at the band edge or just below the band gap are spatially uncorrelated. Fourth, we demonstrate here that the spatial variation of deep defects which are the most relevant for the SRH recombination process can be probed, however a more systematic assessment would benefit from further technical improvements. Specifically, the PTIR signal-to-noise ratio should be improved to adequately map the spatial distribution of mid gap defects, while the development of broadly tunable CW sources will enable the acquisition of local transmission spectra using dt-NSOM. Finally, we note that the grain boundaries do not display any special contrast in both PTIR and dt-NSOM images. However, the spatial resolution of dt-NSOM (and possibly of PTIR) is currently limited by lamella thickness and may be insufficient to capture details at the grain boundaries. We believe that the proof of concepts presented here are of broad applicability and will aid solar cell research, leading to a better understanding of a variety of photovoltaic materials and consequently help engineer them for greatest efficiency. 
